s a t u r a t i o n o f the o p t i c a l l y coupled states, has been observed i n the femtosecond regime i n a GaAs/AlGaAs m u l t i p l e quantum w e l l structure.
Comparison w i t h previous r e s u l t s on bulk GaAs under s i m i l a r e x c i t a t i o n conditions shows t h a t c a r r i e r -c a r r i e r c o l l i s i o n s are about twice as e f f i c i e n t i n the quantum wells, due t o the reduction o f screening e f f i c i e n c y i n two-dimens i o n a l structures, as w e l l as the increase o f band-gap renormalization w i t h respect t o the bulk m a t e r i a l . U l t r a s h o r t l i g h t pulses are a very e f f e c t i v e means t o generate highly-non-equil i b r i u m c a r r i e r s and the time-resolved o p t i c a l techniques can be used t o o b t a i n various informations on the intraband r e l a x a t i o n mechanisms 11-31. Recently we have observed 21, f o r the f i r s t time i n a direct-gap semiconductor, a femtosecond spect r a l hole-b u r n i n g due t o nonthermalized photoexcited c a r r i e r s i n a @-thick GaAs l a y e r . Due t o a c a r e f u l choice o f the pump l i n e w i d t h (5 meV) and c e n t r a l wavelength (20 meV above the band-gap), the electron-hole p a i r dephasing time could be resolved by studying the spectral dependance o f the absorption s a t u r a t i o n around the pump wavelength-i n a pump-probe experiment w i t h 100 f s probing resolution. Since the sample was a t low temperature and the above-band-gap pump excess energy was rmch smaller than the p o l a r o p t i c a l phonon energy (37 R V ) , the i n t e r c a r r i e r c o l l i s i o n s were the dominant s c a t t e r i n g process. These experiments have thus provided a unique o p p o r t u n i t y t o study the c a r r i e r -c a r r i e r s c a t t e r i n g r a t e s w i t h i n a photogenerated electron-hole (e-h) plasma, and the t h e r m a l i z a t i o n dynamics o f i n i t i a l l y quasi-monoenergetic e l e c t r o n d i s t r i b u t i o n s . This technique i s used here t o study such c o l l i s i o n r a t e s i n GaAs/AlGaAs M u l t ip l e Quantum Well Structures (MQWS), so as t o compare them w i t h our previous r e s u l t s on b u l k GaAs. Other experiments on non-thermal d i s t r i b u t i o n s i n such MQWS 131 have o n l y y i e l d e d q u a l i t a t i v e r e s u l t s because the pump spectrum was too l a r g e t o allow t h e determination o f the e-h homogeneous l i n e w i d t h through a frequency -domain measurement. The present experiment i s made under s i m i l a r e x c i t a t i o n conditions (pulse duration, spectral width, i n t e n s i t y , and photon excess energy above the band gap) as i n Ref. 2, so as t o have d i r e c t access t o the e f f e c t o f the quantum w e l l reduced dimensionality.
The molecular-beam-epitaxy-grown MQWS sample c o n s i s t s of 60 GaAs w e l l s o f 114 a thickness separated by A1 3Ga irAs b a r r i e r s of 79 a, sandwiched between two AI0 3 GaO 7 A~ layers, each of ?*pm ?hlckness. The GaAs substrate was removed by s e l e c t~v e e t c t i~n g on a surface o f about 1 m2 and a n t i r e f l e c t i o n coatings were deposited, thereby a1 l owi ng t o measure MQWS transmission spectra.
Pump-and-probe measurements were performed as described i n Ref. 2. The pump pulse was obtained by spectral f i l t e r i n g o f a w h i t e -l i g h t continuum by means o f a narrow bandwidth (5 m e V ) i n t e r f e r e n t i a l f i l t e r . This selected pulse (bandwidth-limit e d 450 f s duration) was f u r t h e r a m p l i f i e d i n a s t y r y l -9 dye s o l u t i o n 141, r a i s i n g the a v a i l a b l e pump energy t o the pJ l e v e l . The probing pulse was a broad-band c o n t inuum pulse o f 100 f s duration, which determines the time r e s o l u t i o n o f the experiment. I t s i n t e n s i t y was low enough t o keep the sample i n the l i n e a r regime i n absence o f the pump, as confirmed by comparison w i t h a conventionally measured absorption spectrum. The pump and probe pulses were obtained i n two separate continuum c e l l s so as t o avoid any possible a r t i f a c t due t o coherence coupling.
Time-resolved transmission spectra a t various probe delays a f t e r the beginn i n g o f the pump pulse, under narrow-band e x c i t a t i o n . I n s e r t : transmission spectra under broad-band e x c i t a t i o n ( t h e wiggles around 780 nm are i n s t r umental )
A t y p i c a l s e t o f transmission spectra i s shown on Fig. 1 , a t selected values o f the delay between the probe and pump pulses. The pump i n t e n s i t y spectrum (bottom curve i n Fig. 1 ) has a c e n t r a l wavelength o f 792 nm. The pump excess energy above t h e band-edge o f the n = 1 heavy-hole t o conduction subbands i s approximately 20 meV, so t h a t the r e s u l t s are d i r e c t l y comparable t o the bulk GaAs r e s u l t s 121. The curve l a b e l e d -2 ps i s c h a r a c t e r i s t i c o f the unexcited sample, w h i l e during and a f t e r the pump pulse the transmission increases due t o the absorption saturation. A very d i s t i n c t feature i n the v i c i n i t y o f the pump wavelength i s e s p e c i a l l y apparent i n the leading edge o f the pump pulse (curves l a b e l e d 0.2 and 0.4 ps), which prog r e s s i v e l y disappears a f t e r the pump maximum i n t e n s i t y (occuring a t 0.5 ps, curve n o t shown), l e a v i n g place t o a smooth v a r i a t i o n o f transmission (curve 3.2 ps). This f e a t u r e i s i n d i c a t i v e o f a dynamical spectral hole-burning which corresponds t o t h e p r e f e r e n t i a l f i l l i n g o f the subband states d i r e c t l y coupled t o the pump pulse. As shown i n the i n s e r t of Fig. 1 are some i n t e r e s t i n g data on the n = 2 e x c i t o n (centered a t 764 nm). From the very beginning o f the pump pulse, a s i g n i f i c a n t screening occurs, as well as a r e d s h i f t o f about 4 mV o f the onset o f the n = 2 t r a ns i t i o n . Since the n = 2 subbands are e s s e n t i a l l y empty these are pure many-body e f f e c t s ( e x c i t o n screening and band-gap renormalization) induced on the n = 2 subband states by an e-h plasma i n the n = 1 subbands.
From 
i o n a t time t as the sum o f a thermalized p a r t f ( t , E ) and a non-thermal p a r t fnt(t, E), one obtains the f o l l o w i n g expression L~] t p o r the abs o r p t i o n c o e f f i c i e n t a normalized t o t h a t o f the unexcited sample a , : where A = T*(w-I+ ) / [ l + ( 1+1)1/2] i s the normalized detuning parameter w i t h respect t o t h e pump f r e q u e n c y U , and I i s t h e l i g h t i n t e n s i t y normalized t o the s a t u r a t i o n i n t e n s i t y o f the two-Pevel systems. The l a s t bracket i n eq.(l) corresponds t o the hole-burning, i n the form o f a power-broadened Lorentzian, w h i l e the f i r s t bracket o f the right-hand size i s the usual term describing the absorption s a t u r a t i o n by thermal i z e d d i s t r i b u t i o n o f c a r r i e r s , when n e g l e c t i n g band-gap renormal i z a t i o n and screening o f the exci t o n i c e f f e c t s .
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FIG. 2 : Normalized d i f f e r e n c e spectra a t various pump i n t e n s i t i e s
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On F i g . 2 a r e reproduced some normalized d i f f e r e n c e spectra (a, -a)/a, toget h e r w i t h a curve c a l c u l a t e d from eq.(l). The experimental data here were obtained a t a f i x e d delay (corresponding t o the maximum o f the pump pulse) b u t d i f f e r e n t e x c i t a t i o n i n t e n s i t i e s . A t t h e l o w e s t i n t e n s i t y (0.15 I , , the main absorption changes come from the s a t u r a t i o n o f the heavy-hole and l i g h t -f i o l e e x c i t o n i c absorpt i o n a t 805 and 801 nm, b u t some hole-burning also occurs around the pump wavelength. The amplitude o f the nonlinear e x c i t o n i c features then saturates a t higher i n t e n s i t i e s , and i s superimposed on a l a r g e r smoothly varying background. This i s c o n s i s t e n t w i t h the c u r r e n t d e s c r i p t i o n o f e x c i t o n i c n o n l i n e a r i t i e s i n MQWS !5,6], i n terms o f phase-space f i l l i n g and exchange e f f e c t s . At high i n t e n s i t i e s the amplltude o f the hole-burning feature becomes q u i t e s i g n i f i c a n t , and i t s lineshape can be compared t o the t h e o r e t i c a l one w i t h reasonable accuracy. To obtain a good f i t w i t h the c a l c u l a t e d curve o f eq. (1) Table 1 One notes t h a t the dephasing time does n o t vary s t r o n g l y w i t h the c a r r i e r dens i t y , as a l r e a d y n o t e d f o r b u l k GaAs [2, 7] . This i s due t o the f a c t t h a t f o r the c a r r i e r -c a r r i e r s c a t t e r i n g r a t e s one can distinguish three regimes o f c a r r i e r densit i e s :
( 1 ) a t low d e n s i t i e s N (Boltzmann l i m i t , and n e g l i g i b l e screening o f Coulomb i n t e r a c t i o n ) the s c a t t e r i n g r a t e per c a r r i e r i s expected t o increase w i t h N, i.e. w i t h the number o f s c a t t e r i n g centers (2) intermediate density : t h e s c a t t e r i n g p r o b a b i l i t y saturates as a f u n c t i o n o f N, because ( a ) the increased screening o f coulomb i n t e r a c t i o n ( b ) the decreased number o f empty states a v a i l a b l e as f i n a l s c a t t e r i n g s t a t e s both compensate the increase o f s c a t t e r i n g centers ( 3 ) strong degeneracy : the above mechanisms have a maximum e f f i c i e n c y , which r e s u l t s i n a decreasing o f the s c a t t e r i n g p r o b a b i l i t y per c a r r i e r .
As a r e s u l t the c a r r i e r -c a r r i e r s c a t t e r i n g r a t e goes through a maximum i n the intermediate density regime i n which the present experimental data were obtained.
One a l s o notes a s i g n i f i c a n t e f f e c t o f the reduced dimensionality i n the carr i e r -c a r r i e r s c a t t e r i n g rates, since the dephasing time was found t o be 300 f s f o r bulk GaAs under q u i t e s i m i l a r experimental conditions. This i s a t t r i b u t e d mainly t o t h e reduced screening e f f i c i e n c y o f the electron-hole plasma, which i s characterist i c o f two-dimensional (2D), s t r u c t u r e s 181. Another p o s s i b i l i t y i s the f a c t t h a t t h e band-gap renormalization i s l a r g e r in 2D than i n 3D s t r u c t u r e s 191, which i n c r eases the e f f e c t i v e photon excess energy above the band-gap. Since the s c a t t e r i n g p r o b a b i l i t i e s increase a t higher energies, the band-gap renormal i z a t i o n due t o t h e c a r r i e r s generated during the l e a d i n g edge o f the pump pulse i s thus an i n d i r e c t cause f o r l a r g e r s c a t t e r i n g rates. F i n a l l y Fig.3 shows the time-evolution o f the hole burning amp1 i t u d e ( i n d i c a t ive o f the c a r r i e r t h e r m a l i z a t i o n ) a f t e r the e x c i t a t i o n pulse. Although the major p a r t o f the non-thermal d i s t r i b u t i o n vanishes very r a p i d l y on the subpicosecond time-scale, a residual hole-burning p e r s i s t s a t times longer than 2 ps a f t e r the e x c i t a t i o n pulse mximum. This f a c t , a l s o observed on bulk GaAs 121, shows t h a t the i n e l a s t i c c o l l i s i o n processes responsible f o r the c a r r i e r thermal i z a t i o n are mcch l e s s e f f e c t i v e than the quasi e l a s t i c ones which c o n t r i b u t e t o the dephasing time T*.
' -T--,--r--, I n conclusion we have observed the e f f e c t o f dynamical spectral hole-burning i n a GaAs quantum-well structure. Through d i r e c t comparison w i t h a previous measurement on bulk GaAs the r e s u l t s allow t o study the e f f e c t o f dimensionality on the c a r r i e rc a r r i e r s c a t t e r i n g rates. W e have found t h a t the near band-edge homogeneous l i n ew i d t h i s about twice broader i n the MQWS than i n the bulk material, and discussed t h i s r e s u l t i n terms o f the screening o f coulomb i n t e r a c t i o n and o f the band-gap renormalization i n quasi two-dimensional structures.
